This paper describes performance enhancement of a regenerative blower used for a 20 kW fuel cell system. Two design variables, bending angle of an impeller and blade thickness of an impeller tip, which are used to define an impeller shape, are introduced to enhance the blower performance. Internal flow of the regenerative blower has been analyzed with threedimensional Navier-Stokes equations to obtain the blower performance. General analysis code, CFX, is introduced in the present work. SST turbulence model is employed to estimate the eddy viscosity. Throughout the numerical analysis, it is found that the thickness of impeller tip is effective to increase the blower efficiency in the present blower. Pressure is successfully increased up to 2.8% compared to the reference blower at the design flow condition. And efficiency is also enhanced up to 2.98 % compared to the reference one. It is noted that low velocity region disturbs to make strong recirculation flow inside the blade passages, thus increases local pressure loss. Detailed flow field inside the regenerative blower is also analyzed and compared.
Introduction
Internal flow analysis using two design parameters of a regenerative blower used for a 20 kW fuel cell system has b een performed to enhance the performance of the blower in the present study. A regenerative blower is widely used in the industrial fields: flow circulator of waste water in a sewage disposal tank, BOP of a fuel cell system, core part of medical equipment, and so on. The blower needs high pressure and constant flow rates. According to the shapes of a blower impeller, the blower has two types of impellers: the open and side channel type. Open channel type impeller i s widely selected in the industrial fields due to relatively lower manufacturing costs. Design of a high efficient blower is very important to get higher exit pressure.
Optimal shape design of a regenerative blower using some design parameters is recently introduced to enhance the pe rformance of a regenerative blower. [1] [2] [3] Characteristic of design parameters was reported by researchers. [1, 3] They sh owed that optimal shape design on an impeller and a casing could increase the performance of the blowers.
Recently optimal design method using response surface method (RSM) [4, 5] combined with three-dimensional Navier-Stokes solver is used to find optimum shapes of a blower. The RSM is global optimization and can find easily optimal position using the results. The method also can utilize information collected from various sources, thus effective for both of single-and multidisciplinery optimization problems [6] . In the previous study, Jang and Han [2] tried to optimize the shape of impeller for two stage ring blower. Also, Jang and Lee [7] tried to make the shape optimization of a regenerative blower used for building fuel cell system by RSM combined with numerical simulation.
In the present study, a numerical investigation on the aerodynamic performance of a regenerative blower has been carried out based on three-dimensional Reynolds-averaged Navier-Stokes (RANS) equations. A parametric study is carried out with two design variables: bending angle of impeller and blade thickness of an impeller tip. Pressure and efficiency of the blower are selected as an objective function for the present study. Detailed internal flow analysis is also performed and compared with the reference blower.
Reference Regenerative Blower
A regenerative blower used for a 20 kW fuel cell system is introduced in the present study. The detailed specifications of the blower are summarized in Table 1 . The inlet and outlet duct diameter of the impeller used in the present study is 51 mm. The perspective view of the test blower is shown in Fig. 1 . The blower consists of a casing and an impeller. As shown in the Fig.1 , impeller blade has an open channel type, and the number of an impeller blade is 54. Fig. 2 shows performance curve of tested regenerative blower obtained by numerical simulation, maximum efficiency is observed ner the design flow condition. 
Definition of Design Parameters
In the present study, pressure and efficiency are selected as target value (object function) to the blower. To enhance the performance of the blower, the shape of the blower impeller is optimized by introducing two design variables: bend ing angle of an impeller (θ) and blade thickness of an impeller tip (t) as shown in Fig. 3 , similarly to previous study [2] . The bending angle of an impeller and blade thickness of an impeller tip for the reference blower is 18° and 3 m m, respectively. The range of the design parameters is determined by preliminary calculation, and listed in Table 2 . 
Numerical Simulation
To determine the performance of the blower and analyze the flow characteristics inside the blower, general analysis c ode, CFX-13 [8] , is introduced in the present study. It solves compressible Reynolds-averaged Navier-Stokes equations (RANS) and a continuity equation. SST turbulence model with scalable wall function is employed to estimate the eddy viscosity [9] . In computational grids, unstructured grids are used to represent a composite grid system including the im peller and casing domains. Fig. 4 shows the computational grid system. Tetrahedral element is mainly imposed in the casing and impeller where w edge (prism) element having three layers is introduced near the wall. Hexahedral element is also imposed in the inlet a nd outlet duct to reduce the grid nodes. The whole grid system in the present simulation has about 3,650,000 nodes. As boundary conditions, atmospheric pressure is specified at the inlet, and mass flow rate is specified at the exit. No-sl ip and adiabatic wall conditions are used on impeller blade and casing surfaces. Boundary plane between the impeller a nd casing regions is imposed frozen rotor interference. Fig. 5 shows separated region for numerical simulation, which h as ducts, a blower impeller and casing. The length of ducts is chosen with 10 times of duct diameter. 
Validation of Numerical Simulation
In the previous study, authors [2] tried to optimize the shape of impeller for two-stage regenerative blower by RSM combined with numerical simulation. For the validation of the numerical solutions, the pressure rise for the reference blade was compared to the experimental results according to flow rates in Fig. 6 . The figure shows that the distributions of local pressure obtained by numerical simulation match well with the experimental results for the reference shape. The computed pressure, object function in the blade optimization, has a maximum of 5 percent error with the experimental data. The comparisons between the numerical and experimental results show that the pressure of the regenerative blower is simulated correctly.
Results and Discussion
To analyze the performance of the regenerative blower having a different design condition, internal flow is compared using the results of numerical simulation. Fig. 7 shows the distributions of streamlines colored with velocity for the reference blower, which is side view fro m the impeller. The flow come through the inlet duct is separated to the both sides of the impeller in the casing inlet region. Relatively higher velocity is observed in the right side because of short moving length from the inlet duct. Strong ra dial flow is observed at the middle of blade passage due to centrifugal force, which results in the pressure increase at each blade passage. Fig. 8 shows the tangential velocity vectors on the three orthogonal planes to the rotational direction for the refere nce blower. The positions of each plane represent in Fig. 8(a) . Non-symmetric recirculation flow is formed in the blade passage at the inlet and outlet region (Plane 1, 3) while symmetric recirculation flow is formed at the middle blade p assage (Plane 2). Non-symmetric recirculation flow generated near the inlet and outlet region of the impeller is mainly cause d by the distorted flow inside blade passage. On the Plane 1, relatively strong recirculation is found on the right hand sid e. In the same manner, on the plane 3, relatively strong recirculation is found on the left hand side. 9 shows the distributions of iso-surfaces having a low velocity of 5 m/s. In the figure, the low velocity region is formed in the both sides of the impeller. The low velocity region is formed near the center position of a recirculation flow. The low velocity region is induced by horizontal inlet flow and outlet flow having a radial component as shown in Fig. 9 . Fig. 10 shows the top view of blade passage for different blade tip thickness. As shown in the figure, blade passage increases as the blade thickness decreases. Fig. 11 shows the distributions of an iso-surface having the low velocity of 5 m/s for θ = 22 degree. In the figure, the low velocity region is formed in both sides of the impeller. In the figure, low velocity region is expanded according to the increase of the impeller tip thickness because recirculation region is decreased due to viscous effect caused by the deduced blade passage shown in Fig. 10 . From the flow analysis, it is known that the reduction of low velocity region formed in the both sides of the impeller is necessary to increase the performance of the blower. Fig. 12 shows the pressure distributions for the different design conditions. The measuring position is along the casi ng wall from inlet to outlet as shown in Fig. 12(a) . Linear increase of pressure is observed for all cases along the me asuring positions. It is noted that the pressure increase is caused by momentum force generated inside blade passage. T he momentum force is due to the recirculation flow observed in Fig. 7 . As shown in the figure, relatively higher press ure is observed at t = 1mm. Pressure is successfully increased up to 2.8% compared to the reference blower at the des ign flow condition. As mentioned above through Fig. 9-11 , it is noted that the more thickness of impeller tip is thin, t he stronger recirculation flow is generated. Fig.13 shows blower efficiency according to the variations of design variables. The blower efficiency is determined by using the pressure at the outlet of the duct. As shown in the figure, blower efficiency has a maximum value at the impeller thickness of 2 mm while impeller bending angle is 14 degree. From the Fig. 10 , blower efficiency can be increase up to 2.98% compared to the reference blower at the design flow condition. Fig.14 shows the velocity contours at the blower outlet according to the bending angle of an impeller and the blade thickness of an impeller tip. The position of the blower outlet is in Fig. 14(a) . As shown in the figure, relatively larger velocity distortion is observed at the impeller tip thickness of 1mm for impeller bending angles compared to that of 2 and 3 mm. Fig. 15 shows the velocity vectors colored by velocity at the blower outlet according to the blade thickness of an impeller tip for θ=14°. As shown in the figure, relatively high secondary flow is observed at t=1mm ("A" in Fig. 15 ), which disturbs pressure increase in the blower. Due to the non-uniform flow at the blower outlet, pressure increase can be deteriorated by velocity defect. Relatively uniform blower outlet flow is observed at the impeller thickness of 2 mm and impeller bending angle of 14 degree where the blower efficiency has maximum value. 
Conclusion.
Performance of a regenerative blower used for a 20 kW fuel cell system has been analyzed by numerical simulation. Two design variables, bending angle of an impeller and blade thickness of an impeller tip, are introduced to enhance the pressure and efficiency at the design flow condition.
From the internal flow analysis, the low velocity region due to recirculation flow is formed at the center of recircula tion flow inside blade passages. Low velocity region disturbs to make strong recirculation flow inside each blade passa ge, thus results in local pressure loss at each blade passage. It is noted that the pressure increase is caused by moment um force generated inside the blade passages. Relatively higher pressure is observed at t = 1mm compared to that of t = 2 and 3mm.
Throughout the analysis of the design variables in the regenerative blower, pressure is successfully increased up to 2.8 % compared to the reference blower at the design flow rate. And efficiency is also increased up to 2.98 % compar ed to reference one. Relatively uniform blower outlet flow is observed at maximum efficiency condition of the blower. It is well known that non-uniform flow at the blower outlet increases pressure loss by velocity defect.
